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ABSTRACT 
Germplasm collections seirve the essential function 
of preserving genetic diversity for current and future 
use. Genetic drift, the erratic, random fluctuation in 
gene frequency which is a function of sampling error 
during periodic regeneration of accessions, and selection 
have the potential to change the genetic identity of 
germplasm accessions. There is some concern that the 
small numbers of parents used in early regeneration 
cycles may have reduced variability so that the 
accessions may not contain all of the variability present 
in the original population. The degree of diversity in 
five maize germplasm accessions as a function of isozyme 
polymorphism was determined and allelic frequencies 
examined following several cycles of regeneration. A 
statistical procedure was used to test whether the 
observed allele frequency variation from cycle to cycle 
of regeneration was consistent with that predicted by the 
hypothesis of drift acting alone or if a linear trend 
indicated possible selection. Results indicated that 
most of the fluctuation observed in allelic frequencies 
can be attributed to random genetic drift. 
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INTRODUCTION 
As cultivation extends into marginally suitable 
areas, soil salinity increases, and energy and fertilizer 
costs rise, an increase in the utilization of the genetic 
variability of crop species will become more important. 
Heterogeneous populations are more stable for yield in 
fluctuating environments. Germplasm collections are a 
valuable source of variability which can potentially 
provide the diversity needed for current and future use 
in the development of cultivars adapted to a wide range 
of environmental conditions. Optimum storage conditions 
and regeneration procedures are important in maintaining 
the genetic identity of germplasm accessions and 
preserving useful variability for the future. 
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LITERATURE REVIEW 
Plant germplasm may be defined as any living tissue 
from which new plants can be grown, and may include 
seeds, leaf or stem tissue, pollen, or even a few cells 
(Duvick, 1983). Categories of germplasm include wild 
crop relatives, semi-domesticated crop relatives, 
perennial species, and landraces of ancestral crop 
species (Brush, 1991). There are three phases in genetic 
conservation and utilization: exploration, 
classification, which includes evaluation and 
utilization, and conservation. 
The goal of germplasm collection should be to 
collect at least one copy of each variant gene with a 
frequency of greater than 0.05 (Marshall and Brown, 
1975). The usual problem encountered is that the 
collector seldom knows the kind and amount of variability 
present and must often extrapolate from a knowlege of 
available species. This is possible because diversity at 
a population level reflects species level diversity 
(Hamrick and Godt, 1990). The most commonly used 
quantifications of genetic variability are heterozygosity 
and the proportion of polymorphic loci. Heterozygosity, 
also called the polymorphic index or genetic diversity is 
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one minus the sum of squared allelic frequencies 
(Hedrick, 1983). Within the average plant population, an 
estimated 34% of the loci are polymorphic and the mean 
genetic diversity is 11% (Hamrick and Godt, 1990). At a 
species level geographic range and breeding system are 
most important in determining diversity, while at a 
population level breeding system affects diversity the 
most. It is desireable to collect the maximum amount of 
genetically useful variability in the target species 
while keeping the sample size within practical limits. 
Sample size will be affected by population structure, 
which is the ecological and genetic relationships among 
the individuals as well as among subdivisions of the 
species, the genetic structure, which includes allelic 
frequencies at polymorphic loci, genotypic associations 
among loci, and genetic differences among subpopulations 
(Marshall and Brown, 1975). Breeding system, longevity, 
and the size and location of the target sampling area 
must also be taken into account. If the sample collected 
is too small and not collected randomly, it may not be 
representative of the parent population. The goal of 
germplasm preservation is to capture and preserve 
variability as it exists at the time of collection 
(Allard, 1970). The problems in attaining this goal 
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include differential survival in storage, selection 
during regeneration, accidental outcrossing with other 
entries in the program, and random genetic drift during 
sampling (Roos, 1984a, 1984b). 
Genetic vulnerability is the potential 
susceptibility of a crop to future attack by some 
biological or environmental stress due to growing large 
numbers of a uniform biotype over a large geographical 
area (Troyer et al., 1988). The narrow genetic base of 
crop species is a natural consequence of the selection of 
desireable combinations of traits in the development of 
varieties. In 1970, five inbred lines made up the 
parentage of 70% of the hybrid corn (Zea mavs L.) grown 
in the United States. The use of t-cytoplasm in hybrid 
corn production rendered those hybrids susceptible to 
Southern corn leaf blight, and in 1971, 15% of the crop 
was lost (CAST, 1983). Smith et al. (1985) found a 
reduction in the number of monomorphic loci and an 
increase in the number of alleles per locus in publicly 
developed lines during 1970 to 1979 indicating an 
increase in the genetic diversity present in breeding 
programs. A 1988 survey of 138 hybrids used at that time 
in U.S. corn production showed a continuing dépendance on 
the use of B73, A632, Oh43, and Mol7, or closely related 
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derivatives of these inbred lines for hybrid production 
(Smith, 1988). Iowa Stiff Stalk Synthetic-Lancaster Sure 
Crop crosses remained the predominant heterotic pattern 
used, but isozyme and zein data show this germplasm to be 
very diverse (Smith, 1984, 1988; Smith et al., 1985). 
Troyer et al. (1988) developed a method to determine 
diversity and assess genetic vulnerability by comparing 
the performance of hybrids, hybrid-hybrid crosses, and 
hybrid selfs. Identical hybrids would have an index of 
zero. The average index of hybrids examined was 0.74. 
The rapid replacement of cultivars in use indicates a 
great deal of diversity must still be present within 
breeding programs (Duvick, 1984). Isozyme and zein HPLC 
chromatographic data reveal associations among hybrids so 
that grouping related hybrids is possible (Smith, 
1986,1988). Differences in agronomic performance among 
hybrids that are similar reveal more diversity beyond 
that detected using isozyme or zeins as markers. The use 
of restriction fragment length polymorphisms (RFLP) 
provides a larger sample of the variability present than 
can isozymes or zeins and can separate inbreds with 
similar isozyme and zein patterns (Smith and Smith, 
1991) . The degeneracy of the genetic code predicts that 
only one of three nucleotide changes will affect the 
6 
amino acid sequence of a protein so differences are often 
not detected (Beckman and Soller, 1986). Extensive 
polymorphisms have been detected in inbred lines using 
RFLP data (Helentjaris, 1985), indicating that corn is a 
highly polymorphic species due in part to its outcrossing 
nature and possibly because of transposon activity 
(Beckman and Soller, 1986). 
Corn production in the United States continues to be 
concentrated in a small number of elite lines (Smith, 
1984, 1988, and Smith et al., 1985) and although this 
germplasm is very diverse. Corn Belt Dent corn represents 
only about two per cent of the total species variation. 
The incorporation of exotic germplasm into elite lines 
can produce new sources of diversity, affording a greater 
opportunity for selection. Exotic germplasm comprises 
all sources of germplasm that are not immediately useful 
or adapted for a given corn improvement system (Hallauer, 
1978). This would include material that is unadapted or 
of foreign origin, which potentially contains new and 
useful genes that are not present in local material. 
Considerations in using exotic germplasm in a breeding 
program include the determination of which properties of 
the exotic population are of interest and what procedures 
are most effective in the incorporation of those 
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properties, the effects of inbreeding on exotic 
populations, the degree of gene flow and recombination 
that occurs in exotic-adapted crosses, and the effects of 
direct selection on those crosses (Hallauer, 1978). 
Reasons cited for the limited use of exotic germplasm 
include the limited availability of sufficient quantities 
of quality seed, the lack of documentation on seed 
accessions, agronomic and adaptability problems, lack of 
evaluation data, and the lack of methodology for 
incorporation into existing breeding programs (Salhuana, 
1988). Other limitations in using exotic germplasm 
include linkage of favorable alleles with undesireable 
traits and the time and effort required to introgress 
favorable traits from exotic germplasm into adapted 
germplasm (Dudley, 1988). In the future, mutagenesis, 
cloning, gene transfer, and tissue culture may circumvent 
these difficulties, however, artificially produced 
variability cannot replace natural gene pools as a source 
of coadapted gene complexes. 
There is a positive relationship between the amount 
of heterosis expressed and genetic gain (Moll et al., 
1964). With the relatively narrow germplasm base of 
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U.S. corn, exotic germplasm may provide a source of new 
genes for specific traits, for example, pest resistance, 
or genes to increase genetic variability and the 
potential for new heterotic combinations (Geadelman, 
1985). The continuing problem with using exotic 
germplasm in breeding programs is the lack of a reliable 
method for identification of populations with favorable 
alleles. Heterotic effects result from the genetic 
diversity of two parental populations so it is important 
to look at relationships between heterotic patterns and 
populations. Electrophoresis may be used to measure 
diversity and classify exotic populations into heterotic 
groups on the basis of zeins, isozymes, or RFLP, and 
comparing them using elite inbred testers (Geadelman, 
1985). The rationale of crossing with a tester is to 
evaluate the contribution of new alleles from the exotic 
germplasm, to add adaptation, and to identify new sources 
of heterosis (Salhuana, 1988). Diallel crosses among 
divergent corn populations have been used to evaluate 
performance, assess combining ability, and to establish 
heterotic patterns (Crossa et al., 1987; Mungoma and 
Pollak, 1988). Crossa et al. (1987) found that crosses 
using 75% and 25% exotic germplasm had no significant 
decrease in yield. There has been mixed success using 
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isozyme dissimilarity to predict heterotic combinations 
(Hunter and Kannenberg, 1971; Lamkey et al.,1987). Frei 
et al. (1986) examined the degree of isozyme 
dissimilarity and found that general combining ability 
for yield was correlated with the number of heterozygous 
loci. 
Conservation of germplasm may include storage of 
seed samples or tissue cultures, cultivation of plants in 
agronomic plots, or maintenance of in situ populations in 
natural habitats (Brown, 1978). In situ germplasm 
conservation by farmers, in which there is cultivation of 
traditional landraces in the farming systems where they 
have evolved is considered the ideal method (Brush, 
1991). This system for allows maintenance of the extant 
germplasm and the processes for creating new germplasm. 
In many areas this approach is not feasible, so long-term 
storage is necessary to prevent genetic erosion. 
Three categories of change occur during storage 
(Roos, 1980). Physiological changes include induction or 
loss of dormancy, shifts in germination requirements, 
increase in occurrence of abnormal seedlings, and adverse 
effects on growth and yield, or vigor. Biochemical 
changes noted include loss of membrane integrity, loss or 
reduction in enzyme activity, a failure of DNA repair 
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mechanisms, and auto-oxidation of lipids. Auto-oxidation 
of lipids occurs as a result of a nonenzymatic reaction 
that produces free radicals which act on saturated fats. 
The third category of change occurring during storage is 
classified as genetic change. Chromosomal aberrations, 
including deletions, duplications, inversions, 
translocations, change in ploidy, point mutations, and 
genetic shifts comprise genetic changes. Chromosomal 
aberrations are eliminated during growth and reproductive 
stages and point mutations increase the variability of a 
germplasm sample. It is known that different populations 
of the same species vary in their ability to tolerate 
long-term storage. Maize varieties which show 
differences in susceptibility to ageing differ in the 
degree of stability of DNA as measured by gel 
electrophoresis (Lozano and Leopold, 1988). 
For a given amount of viability loss, there is a 
given amount of genetic damage in the surviving seeds. 
Mutant phenotypes occur at a greater frequency in plants 
produced by old seed, chromosomal damage is more 
prevalent in aged seed, and the amount of this damage is 
affected by the temperature and relative humidity during 
storage (Roberts, 1973) . The objectives in seed storage 
are to attain long-term storage to minimize the risk and 
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cost of regeneration and to regenerate seed accessions 
while viability is still high to minimize genetic 
alterations (Roos, 1984b). Damage during storage to 
membranes and enzymes is thought to occur during early 
germination while damage to the genome probably occurs 
later. Visible deformities, vigor loss, and pollen 
abortion may indicate genome damage. Fully imbibed seeds 
have extended viability, possibly due to the capacity for 
enzyme reqair systems to operate as damage occurs 
(Villiers, 1975). Fully imbibed seeds must be kept from 
germinating. This has been accomplished with lettuce by 
maintaining a storage temperature higher than that 
optimum for germination. Storage in liquid nitrogen and 
tissue culture are also being investigated for use in 
germplasm storage. Tissue culture has the advantages of 
requiring less space for storage, avoidance of genetic 
erosion due to field conditions, and the maintenance of 
pathogen-free stocks. 
Collections must be multiplied at periodic intervals 
to maintain the accessions at an acceptible viability and 
to multiply seed. Mutation, migration, selection, and 
random genetic drift all have the potential to affect the 
genetic composition of germplasm. While mutation can 
increase diversity, selection acts to reduce diversity. 
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Differential survival in storage or differential 
productivity during regeneration may result in changes in 
the genetic makeup of an accession by selection (Roos, 
1988). Control of storage conditions including 
temperature, relative humidity, and atmosphere is 
important in reducing selection pressure on genotypes 
that have poor storability. A drop in viability during 
storage followed by regeneration has been shown to result 
in the elimination of several genotypes from a 
heterogeneous population of Phaseolus vulqarus (Roos, 
1984). Maturity at harvest, mechanical damage, and 
preharvest weather conditions can affect seed longevity 
regardless of storage conditions (Bass, 1973) Due to 
cultivar differences, there may be an uneven 
deterioration rate among cultivars of the same species. 
While frequent regeneration decreases selection due to 
viability differences, selection from other factors 
increases. Most germplasm accessions are regenerated far 
from their area of adaption leading to changes in the 
population composition due to selection by maturity 
differences, environmental stress, and growth habit. 
Outcrossing and human error also add potential for change 
during regeneration. To minimize genetic change it would 
be desireable to increase seed storage life so 
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regeneration would not need to be done as often, and to 
increase the sample size used for regeneration. Due to 
constraints in time and resources, relatively small 
samples are routinely drawn for regeneration. Small 
sample size causes chance alterations in allelic 
frequencies as a result of random sampling among gametes, 
or genetic drift. The important consequence is that the 
sample population may not contain all the alleles present 
in the parent population. 
A founder or bottleneck effect is a sampling error 
that occurs when a population is reduced to a small 
number of individuals (Crossa, 1988). The consequence of 
such an effect is the loss of alleles present in low 
frequencies and an increase in homozygosity. The average 
number of alleles lost per locus depends more on the rate 
of growth of the population following the bottleneck than 
the size of the bottleneck, while the reduction in 
heterozygosity per locus depends on both factors (Nei et 
al., 1975). If a germplasm accession begins with a very 
small number of seeds, it is important to increase the 
population size to prevent loss of rare alleles and 
heterozygosity. Population fluctuations generate 
bottlenecks that cause chance changes in allelic 
frequencies due to finite population size. According to 
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the Theory of Neutrality (Kimura, 1968), selectively 
neutral variants generated by mutation are changed in 
frequency by random genetic drift. Fixation of alleles 
is usually dependant on selective value, but in very 
small populations genetic drift may be significant even 
for loci that are not selectively neutral (Hedrick, 
1983). The expected number of neutral alleles per locus 
maintained in a finite population depends on the 
effective population number (Ne) and the mutation rate. 
In a large, random mating population of N 
individuals, the effective population size is the reduced 
number of progenitors whose offspring produce the next 
generation (Crossa, 1988). The effective population size 
(Ne) is affected by sex ratio, variable numbers of 
breeding individuals, type of reproduction, and number of 
offspring per family. The decrease in heterozygosity, or 
inbreeding (F) per generation of random genetic drift is 
l/2Ne. The rate of change from x to x - 1 alleles is F = 
x(x - l)/4Ne (Kimura, 1955). An F value of one per cent 
is suggested as a rule for conservation genetics (Frankel 
and Soule, 1981). It follows that as large an effective 
population size as possible is desireable to preserve 
alleles that are present at low frequencies. 
If the number of gametes in a sample is 2N, the 
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probability that the sample contains 0, 1, 2. . . 2N 
alleles of type A is given by the terms in the binomial 
expansion of (pA + qa)^'' (Hartl, 1988) where p and q are 
the respective allele frequencies of A and a in the 
parental generation and p + q = 1. The probability that 
the sample contains i alleles of A is equal to: 
f2Nl ! p'q2"-' 
i! (2N-1)! 
Dispersion of genie frequencies increases each generation 
until frequency reaches 0 (loss) or 1 (fixation). The 
average time required for fixation or loss depends on the 
initial gene frequency (p^) . When the initial allele 
frequency is 0.5 or when the population is sufficiently 
large, segregation continues for a longer period of time. 
P (fixation) = 2N p'q° 
i! 0! 
P (loss) = 2N p°q^"'° 
0 (2N)! 
The inbreeding coefficient, F, is the probability 
that two alleles chosen at random from a subpopulation 
are identical by descent. As random genetic drift 
continues for generations, F increases, and gradually 
approaches one. If F^ is assumed to be zero, 
F^ = 1 - (1 - _L-) ^ 
2N 
in generation t and the recurrence equation for 
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generation t + 1 is: 
Ft+1 = _1_ + (1 - _1_) F, 
2N 2N 





t = In H; 
Ho 
In g - rr 
2N 
It is thus possible to predict the number of generations 
for heterozygosity to decrease a specific amount. As the 
number of homozygotes increases, a larger sample size is 
needed since homozygotes contain only one allele. The 
best measure of genetic diversity is the number of 
alleles per locus at qualitative trait marker loci 
(Marshal, 1990). The number of allelic variants in a 
sample compared to the number of variants in the sampled 
population is one index of sampling efficiency. "Common" 
alleles are considered to be those with a frequency of 
greater than 5% while those occurring at a frequency of 
less than 5% are considered rare. The sampling problem 
is to determine the random sample size needed to give a 
stated probability of missing alleles at various 
frequencies. If the distribution of alleles at one locus 
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is considered with the possible existance of many 
mutants, any finite size sample will have a probability 
of greater than zero of missing an allele. The number of 
loci and the frequency of alleles at each locus will also 
affect the required sample size. Namkoong (1988) derives 
sample sizes with near zero probability of missing 
alleles with a frequency of 0.01 to 0.0001. A simple 
model is assumed, with no linkage, inbreeding, migration, 
selection, and sex and age dependant effects. At each 
locus, a diploid individual will have an allele with 
frequencies of 0, 0.5, or 1. If the allele is unique and 
the individual is a heterozygote, the probability of loss 
in r gametes is (0.5)'". In a population with Hardy-
Weinberg genotypic frequencies, 
P (loss of an allele at a locus) = (1 - q)^" = Q 
P (saving the allele) = 1 - (1 - q)^" = 1 - Q 
where q is the frequency of the allele in a sample of n 
diploid genotypes. When written in terms of the 
inbreeding coefficient, 
Q = [(1 - q)2 + Fq(l - q)]" 
and, 
P (saving the allele at s loci) = (1 - Q)® 
To consider multiple alleles, 
P (loss of any of L alleles at a locus) = 
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L L 
Q = Z (l-q,)2" + S (1 - q, - q^j" " 
i=l i,i=l 
L L 
q,- - q.- - qk)^ " + . . . (i - s q,)^ " 
^ i=i 
Sample size is more affected by the frequency of alleles 
than the number of loci considered. Using this model, it 
can be seen from computed values of sample sizes that a 
ten-fold increase in the number of loci doubles the 
sample size (45 for ten loci as compared to 90 for 100 
loci) and a decrease in the allele frequency from 0.05 to 
0.005 increases the required sample size by ten-fold. 
A similar model is used by Crossa (1989) whose 
calculated sample size depends on the frequency of the 
least common allele. The probability that at least one 
desireable genotype will occur in a sample of n 
individuals is given by: 
where A is the proportion of the total of the favorable 
genotype and B is the proportion of the total of the 
unfavorable genotypes. For two to four allele loci, the 
sample size depends more on the frequency of the rare 
alleles than on the number of alleles. 
Gregorius (1980) examined the probability of losing 
at least one allele from A^ to A^ in a sample of N 
P = 2 / n \ b'' a"'" = 1 
k=l \ k I 
n \ B° A""° = 1 - A" 
0 I 
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genotypes from a hypothetically infinite population given 
the genotypic frequency for a single locus with an 
arbitrary number of alleles. He has calculated the least 
upper limits of sample sizes in the case where the 
frequency of a rare allele is known. Since heterozygotes 
contribute two different alleles, the probability would 
be affected more by the frequency of heterozygotes in the 
sample. If the frequency of a single heterozygote in the 
population is decreased in a way that the allelic 
frequencies and the heterozygote frequencies remain the 
same, the probability of losing at least one allele in a 
sample is increased. 
Isozymes are multiple molecular forms of an enzyme 
occurring within a single species as a result of the 
presence of more than one structural gene. The multiple 
genes may be due to the presence of multiple loci or of 
multiple alleles (allozymes). Isozymes that are the 
products of multiple loci are disseminated throughout a 
species during evolution so that all members would be 
expected to have the isozyme makeup. However, allelic 
isozymes are distributed in the population according to 
Mendelian inheritance and can be used to identify their 
genetic origins (Moss, 1982). Isozymes have certain 
properties that are useful in measuring genetic 
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variability in plant populations. Allelic expression is 
usually codominant, allowing classification of genotypes, 
and free of epistatic or environmental effects. Enzyme 
specificity allows assignment of alleles to loci and the 
ability to compare loci in different populations (Brown 
and Weir, 1983). Allelic differences are detected by 
electrophoretic mobility differences. Variant forms 
visible on a gel are ascribed to specific alleles, 
enabling determination of the genotype (Stuber et al., 
1988). Gel interpretation depends on the number of genes 
coding for the enzyme, their allelic states, quaternary 
structure, and subcellular compartmentalization (Wendel 
and Weeden, 1989). The subcellular compartmentalization 
and subunit structure of enzymes acting in primary 
metabolic pathways are conserved in most plants, while 
considerable variation in the number of isozymes 
expressed, the number of isozymes per subcellular 
compartment, and the number of subunits per enzyme exists 
in variable substrate enzymes including acid phosphatase, 
diaphorase, esterase, peptidases, and peroxidase (Moss, 
1982). Mitochondrial and plastid specific enzymes often 
exhibit less polymorphism and faster electrophoretic 
mobility than cytosolic enzymes. Isozymes located in the 
same subcellular compartment, catalyzing the same 
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reaction are probably the result of the duplication of 
structural genes in diploids followed by indépendant 
mutation at daughter and parental loci, or from the 
addition of genomes in polyploids (Scandalios, 1974). 
Hybrid enzymes are heteromers composed of the products 
from different loci. The presence of intergenic 
heterodimers indicates a high degree of structural 
similarity between subunits and supports the gene 
duplication theory (Gottleib, 1981). Isocitrate 
dehydrogenase, malate dehydrogenase, and 6-
phosphogluconate dehydrogenase are examples of enzymes 
that form intergenic heterodimers. The number of bands 
theoretically visualized in a multigenic system can be 
determined by the formula; 
n = f S + 0 — 1)1 
(Q!) (S - 1) ! 
where n is the number of bands, S is the type of subunit 
and Q is the number of subunits in the active enzyme 
(Shannon, 1968) Usually, however, fewer than the 
calculated number of bands is observed because of 
imcomplete resolution or comigration of bands (Wendel and 
Weeden, 1989). If different genes code for isozymes in 
different subcellular compartments, intergenic dimers are 
not formed, that is, homo- and heteropolymers are subject 
to tissue distribution. For example, mitochondrial and 
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cytosolic isozymes of malate dehydrogenase are under 
separate genetic control (Goodman et al., 1980; Newton 
and Schwartz, 1980). Isozymes revealed by nonspecific 
stains, including acid phosphatase and esterase usually 
do not form intergenic multimers because the polypeptides 
from different loci fail to associate into active 
enzymes. Other deviations from expected zymograms may be 
the result of gene duplications, changes in ploidal 
level, or loss of gene expression (Weeden and Wendel, 
1989). Common post-translational modifications including 
deaminations of glutamine and asparagine residues, 
acetylation of terminal amino groups, oxidation of 
sulfhydril groups, addition and removal of carbohydrate 
and phosphate groups, and conformational isomerisms may 
also alter band migration (Moss, 1979). The presence of 
null alleles, alleles that are no longer transcribed or 
that code for a defective polypeptide without enzyme 
activity, may also result in deviation from the expected 
zymogram. 
Multiple isozyme loci provide a means for adaptation 
of metabolic patterns to developmental changes and 
environmental changes (Moss, 1979). Quantitative and 
qualitative changes in enzyme activity within cells may 
be due to the effects of de novo synthesis or activity of 
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constituent enzymes. Developmental expression of isozyme 
complement is regulated, that is it reflects the genetic 
information of the cell at a particular point during 
differentiation (Scandalios, 1974). In plants, 
expression of developmental changes has been observed in 
amylase, catalase, malate dehydrogenase, acid 
phosphatase, alcohol dehydrogenase, peroxidase, and 
phosphorylase. Changes observed include distinct 
isozymes in different tissues, the presence of isozymes 
in a tissue at one developmental stage and the absence at 
another, and quantitative differences. 
Isozymes have been used to determine the nature and range 
of naturally occurring genetic variation, to characterise 
and discriminate between cultivars for identification and 
quality control, and to provide genetic markers for the 
identification and localization of genetic factors 
associated with quantitative traits (Stuber et al., 
1988). 
Isozyme data have been used to support the theory 
that corn is a domesticated form of teosinte (Doebley et 
al., 1987) and to document the origin of U. S. Corn Belt 
corn (Doebley et al., 1988). The amount of allelic 
variation within and among races of Latin American and 
West Indian corn and phylogenic relationships between 
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races have been examined (Doebley et al., 1983, 1984; 
Bretting et al., 1987). Trends of genetic diversity have 
also been determined for U. S. Corn Belt corn (Smith et 
al., 1985a, 1985b). 
Isozyme analysis has been used to characterise 
inbred lines, hybrids, exotic germplasm, and wild 
germplasm. Necessary criterion for determination of 
varietal identity include environmental stability, 
distinct interparietal variation but minimal 
intravarietal variation and reproducability of laboratory 
results (Bailey, 1983). Genotypic tests of purity using 
isozyme analysis are not affected by the environment, can 
be rapidly collected, and can be ascertained before 
harvest (Stuber et al., 1988). For most species, 
isozymes alone are not enough to fingerprint all existing 
cultivars (Bailey, 1983). Laboratory genotyping using 
isozymes can be used as an alternative to phenotypic 
selection for uniformity (Goodman and Stuber, 1980). 
Unexpected alleles or allelic frequencies may suggest 
residual segregation, mutation, outcrossing, selfing, or 
an physical mixing of samples in the production of hybrid 
corn (Smith, 1984, and Smith and Wych, 1986). 
Isozyme loci are widely distributed throughout the 
genome. This random distribution and a lack of locus 
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clustering based on metabolic function or subcellular 
location makes isozymes especially suitable for use as 
genetic markers (Weeden and Wendel, 1989). Locations of 
isozyme loci on the corn chromosome map by linkage 
studies have allowed the identification of chromosomal 
segments in their immediate vicinity (Goodman et al., 
1980; Goodman and Stuber, 1983; Wendel et al., 1986). 
Isozyme variants occur spontaneously, seldom exhibit 
deleterious effects and the variant alleles are 
codominant, allowing the identification of genotype 
(Scandalios,1975). Stuber et al. (1980) found that 
isozyme allelic frequency changes at eight loci were 
associated with changes due to selection for grain yield 
in corn. Allozyme frequency changes were greater than 
expected by the action of drift, indicating that 
allozymes may respond to directional selection. These 
results suggested that allozymes could be used as markers 
for the improvement of quantitative traits. Allozymes 
may be associated with the quantitative trait directly, 
through pleiotrophic effects, or by linkage. Acid 
phosphatase, endopeptidase, beta-glucosidase, malate 
dehydrogenase, phosphogluconate dehydrogenase, glutamate-
oxaloacetate transaminase, phophoglucomutase, and 
isocitrate dehydrogenase have been associated with 
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alleles for favorable agronomic traits either by direct 
selection or linkage (Stuber et al., 1980). For example, 
acid phosphatase may directly affect yield by hydrolysis 
of phosphomonoesters intermediates in biochemical 
reactions and in the formations of sucrose during 
photosynthesis (Stuber and Moll, 1972). For polygenic 
traits with a continuous distribution, a high level of 
linkage disequilibrium between the quantitative trait 
loci (QTL) and marker loci is necessary to enable 
evaluation of the chromosomal regions where the markers 
are located (Stuber et al.,1987). A large number of 
random mating generations should reduce the linkage 
disequilibrium and so, reduce the effectiveness of marker 
assisted selection. The largest amount of disequilibrium 
should be present in Fg populations making these 
populations more desireable for identifying QTL (Stuber 
et al., 1982 and Edwards et al., 1987). A manipulation 
of allelic frequencies correlated with quantitative 
traits resulted in an improvement for yield equivalent to 
one and one half to two cycles of full sib family 
selection in corn (Stuber et al., 1982). 
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MATERIALS AND METHODS 
Materials 
Five corn accessions from three countries were 
acquired from the North Central Plant Introduction 
Station at Ames, Iowa. Accessions were chosen in which 
at least four cycles of regeneration since collection 
were available for examination. Storage conditions were 
4° C and 34 to 40% relative humidity. The accessions 
analyzed are summarized in Table 1. 
Table 1. Summary of plant introduction accessions 
analyzed for isozyme frequencies 
PI Accession Collection Date Origin Seed Type 
163145 1948 India Flint 
163558 1948 Guatemala Flint 
170880 1949 Turkey Popcorn 
183786 1950 Turkey Flint-dent 
185073 1950 Turkey Popcorn 
One hundred seeds from each cycle of regeneration for 
each accession were planted in 10.2 cm peat pots 
containing a mixture of sand, soil, and peat, which was 
wet to 50% of water holding capacity. At approximately 
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five days, 12 mm coleoptile sections of all germinated 
seedlings were removed and analyzed for 16 isozymes 
representing 28 loci. The corn plants were grown out in 
a greenhouse to approximately four leaf stage and 
transplanted in the field where they were self pollinated 
to obtain seed to provide genetic verification of 
preliminary isozyme scoring. 
Electrophoresis 
Five day old coleotile sections from germinated 
seedlings were individually ground and extracted in 30 /xl 
of a solution containing 16.7% (w/v) sucrose and 8.3% 
(w/v) sodium ascorbate (Stuber et al., 1988). A Fisher 
Dyna-Mix was used to homogenize samples in 400 IJLI 
microcentrifuge tubes after which the tubes were 
centrifuged in a refrigerated microcentrifuge for 1.5 
minutes at approximately 9700 RPM. Fresh extract was 
used for cold labile enzyme determination and then 
samples were frozen at -80° C. 
Four different buffer systems were used for starch 
gel electrophoresis including histidine-citrate, pH 5.7 
(B system), histidine-citrate, pH 6.5 (D system), tris-
citrate, pH 7.0 (F system), and borate-lithium 
hydroxide/tris-citrate, pH 8.5 (C system). Systems B, D, 
and F are continuous systems; gel buffers are a dilution 
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of electrode buffers. The C system is a discontinuous 
system, that is, the gel and electrode buffers are not 
the same. In this system, a voltage discontinuity at the 
buffer interface sharpens band resolution. These systems 
enabled the evaluation of all 28 loci on four gels but in 
a few cases did not provide optimum running conditions 
for all enzymes. Starch gels were prepared by heating 
three fourths of the buffer required for a gel in a 1 L 
Erlenmeyer flask until close to boiling point and 
suspending sucrose and Sigma starch necessary for a 12.4% 
gel in the remaining one fourth of the buffer. The 
heated buffer was poured into the suspension, swirled, 
and heated until boiling. The starch solution was 
degassed using a faucet aspirator and poured into 500 ml 
or 360 ml capacity acrylic gel molds (Chemistry Shop, 
Iowa State University, Ames, Iowa) in which the edges had 
been sealed with masking tape. The gels were cooled for 
approximately 1 h and covered with plastic wrap and left 
at room temperature overnight. The morning after 
preparation, gels were cooled in a refrigerator for 
approximately 20 minutes after which an origin slit was 
cut in the gel 3 cm from the cathodal edge of the gel. 
Filter paper wicks were used to absorb thawed sample 
supernatent and were inserted in the slit at 2 mm 
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intervals. Thirty-five samples including three to five 
controls were placed in each gel. Inbred lines were used 
as controls because isozyme bands that may be hidden by 
overlapping and comigrating bands are more accurately 
identified in inbreds (Stuber et al., 1988). Masking 
tape was peeled off the gel molds to expose the gel to 
the buffer solution and the gels were placed in acrylic 
electrode wells in a Fisher chromatography refrigerator 
at 3® C. Cooled Ice-Blue packs were placed on gels for 
cooling during electrophoresis. Constant power from 1000 
V Haake-Buchler power supplies was applied for 6 h at 9 
W. The gels were then removed from the molds and cut 
horizontally into 1.25 mm slices with a thin wire. The 
slices were then removed and placed into staining boxes. 
Zones of enzyme activity were revealed by applying 50 ml 
of the appropriate staining solution containing reaction 
substrate and necessary cofactors as specified by Stuber 
et al. (1988). The isozymes assayed, their chromosomal 
location, and the buffer system used are listed in Table 
2. An attempt was made to use an isozyme marker from 
each arm of each of the 10 corn chromosomes. Hexokinase 
and triose phosphate isomerase were not utilised because 
of inconsistent resolution and expense. To aid in the 
interpretation of malate dehydrogenase gels, ascorbic 
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Table 2. Enzyme loci and their chromosomal locations in 
corn (Stuber and Goodman, 1983, and Stuber et 
al., 1988) 




Acid Phosphatase ACP 1 9 B 
Aconitase AGO 1 4 F 
AGO 4 Unknown F 
Alcohol Dehydrogenase ADH 1 IL C 
Arginine Aminopeptidase AMP 1 IL F 
AMP 3 5 F 
Catalase CAT 3 4 C 
Diaphorase DIA 1 2 F 
DIA 2 IL F 
Endopeptidase ENP 1 6L C 
Esterase EST 8 3S C 
Beta-Glucosidase GLU 1 lOL B 
Glutamate-oxaloacetate GOT 1 3L C 
transaminase 
GOT 2 5L C 
GOT 3 5S C 
Isocitrate Dehydrogenase IDH 1 8 D 
IDH 2 6L D 
Malate Dehydrogenase MDH 1 8 B 
MDH 2 6L B 
MDH 3 3L B 
MDH 4 IL B 
MDH 5 5S B 
Phosphoglucomutase PGM 1 IL D 
PGM 2 5S D 
6-Phosphogluconate 
Dehydrogenase PGD 1 6L D 
PGD 2 3L D 
Phosphohexose Isomerase PHI 1 IL D 
Shikimic Acid Dehydrogenase SAD 1 lOL D 
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acid was used in grinding coleoptiles from the selfed 
progeny of accessions 163145 and 170880 which had the 
10.5 allele. All F system gels were run first with 
freshly ground coleoptile extract to ensure good 
resolution of aconitase which is low temperature labile 
(Wendel et al., 1987). Frozen samples were used for the 
B, C, and D system gels. Cytosolic forms of MDH (MDH 4 
and 5) are inactivated by ascorbic acid so MDHl-10.5 can 
be resolved (Newton and Schartz, 1980). The assays were 
incubated at 36° C for 1 to 24 h and the isozyme 
phenotype was visually scored by using the association 
between banding pattern and alleles of Stuber et al. 
(1988). Generally, higher numbered alleles refer to 
slower anodal migration. Gels were then photographed for 
future reference. 
Statistical Analysis 
The models of Schaffer et al. (1977) and Wilson 
(1980) were used to test whether the observed allelic 
frequency variation from cycle of regeneration was 
consistent with that predicted by the null hypothesis of 
drift acting alone. This model is dependant on the 
variance effective population size and the number of 
plants sampled to determine allelic frequencies. It is 
assumed that individuals are sampled randomly and 
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independantly from a random mating population. The 
variance effective population size is taken to be the 
number of individuals chosen to be parents of the next 
cycle of regeneration. Allelic frequencies were 
transformed using the arcsin transformation: 
2 sin"^ 1/ allelic frequency 
which transforms the binomial alele frequency variate 
into a normal variate. The weighted sum of squares of 
deviations has under the null hypotheses, a central chi-
square distribution with one degree of freedom less than 
the number of regeneration cycles observed. This sum of 
squares can be separated into a partition with one degree 
of freedom which includes the effects of a linear trend 
in allele frequency, indicating possible directional 
selection. Both the null hypothesis and the quadratic 
partition are tested by using the appropriate tabulated 
values of the chi-square distribution in a one-tailed 
test. Where more than two alleles were found at a locus, 
the analysis was applied to each allele. 
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RESULTS 
Proportions of polymorphic loci were as follows: 
PI163145, 0.32; PI163558, 0.68; PI170880, 0.50; PI183786, 
0.32; and PI185073, 0.36. These values are from the 
number of polymorphic loci found based on the 28 loci 
examined. Polymorphic loci for each accession are listed 
in Table 3. Isozyme loci ACPI, GLUI, MDHl, and PGDl were 
polymorphic in all accessions, while AC04, DIAl, DIA2, 
EST8, G0T3, MDH3, MDH4, and PGMl were fixed in all 
accessions (Table 3). Regeneration years examined, ears 
harvested each year, and allele frequencies for 
polymorphic loci for all accessions are given in Tables 4 
through 8. The loci AC04, DIA2, G0T3, MDH3, and MDH4 
were all monomorphic for the allele most commonly found 
in U.S., Canadian and European inbreds (Stuber and 
Goodman, 1983 and Stuber et al., 1988). It was somewhat 
unexpected that no variation was observed for EST8 
because esterases are variable substrate enzymes and 
would be expected to be more polymorphic than a single 
substrate enzyme (Hedrick, 1983). Although it was not 
specifically scored, there was no indication of any 
polymorphism at the Mmm locus which is closely linked to 
MDH4 on the first chromosome. In two accessions AMP3, 
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Table 3. Polymorphic loci (denoted by "X") in five plant 
introduction accessions 
Enzyme 163145 163558 170880 183786 185073 
ACPI X X X X X 
ACOl X 
AC04 
ADHl XX X 
AMPl X X X X 
AMP3 X X 
CAT3 X X X X 
DIAl 
DIA2 
ENPl XX X 
EST8 
GLUl X X X X X 
GOTl X 
G0T2 XX X 
G0T3 
IDHl X 
IDH2 XX X 




MDH5 X X 
PGMl 
PGM2 XXX X 





Table 4. Allelic frequencies' at isozyme loci in the 
corn accession 163145 
Isozyme Yr. of Ears Allele frequency 
Locus Increase Harvested 1 2 3 
ACPI 1949 Unknown 0.588 0.412 
1951 Unknown 0.400 0.600 
1965 36 0.569 0.431 
1986 88 0.584 0.416 
Chi-sguare 0.573 
AMPl 1949 Unknown 0.539 0.461 
1951 Unknown 0.333 0.667 
1965 36 0.444 0.556 
1986 88 0.279 0.721 
Chi-sguare 5.432 
CAT3 1949 Unknown 0.118 0.882 0. 000 
1951 Unknown 0.283 0.717 0. 000 
1965 36 0.125 0.854 0. 021 
1986 88 0.207 0.777 0. 016 
Chi-sguare 2.281 1.617 3. 533 
GLUl 1949 Unknown 0.333 0.667 
1951 Unknown 0.383 0.617 
1965 36 0.488 0.512 
1986 88 0.347 0.653 
Chi-sguare 4.991 
MDHl 1949 Unknown 0.520 0.078 0. 402 
1951 Unknown 0.517 0.100 0. 383 
1965 36 0.458 0.063 0. 479 
1986 88 0.505 0.079 0. 416 
Chi-sguare 0.748 0.406 1. 453 
MDH2 1949 Unknown 0.402 0.598 
1951 Unknown 0.300 0.700 
1965 36 0.306 0.694 
1986 88 0.337 0.663 
Chi-sguare 0.678 
'Allelic frequencies are based on the following sample 
sizes; 1949 = 51; 1951 = 30; 1965 = 72; 1986 = 95. 
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^Allelic frequencies are based on the following sample 
sizes: 1949 = 51; 1951 = 30; 1965 = 72; 1986 = 95. 
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Table 5. Allelic frequencies^ at isozyme loci in the 
corn accession 163558 
Isozyme Yr. of Ears Allele frequency 
Locus Increase Harvested 1 2 3 
ACPI 1948 Unknown 0.417 0.583 
1966 13 0.519 0.481 
1969 17 0.370 0.630 
1974 39 0.472 0.527 
1986 124 0.420 0.580 
Chi-square 1.402 
ACOl 1948 Unknown 0.917 0.083 0. 000 
1966 13 0.905 0.095 0. 000 
1969 17 0.946 0.049 0. 005 
1974 39 0.965 0.035 0. 000 
1986 124 0.920 0.080 0. 000 
Chi-square 1.890 
AMPl 1948 Unknown 0.528 0.417 0. 055 
1966 13 0.525 0.456 0. 189 
1969 17 0.516 0.457 0. 027 
1974 39 0.472 0.514 0. 014 
1986 124 0.463 0.431 0. 106 
Chi-square 0.399 0.770 9. 212 
ADHl 1948 Unknown 0.889 0.111 
1966 13 0.968 0.032 
1969 17 0.973 0.027 
1974 39 0.986 0.014 
1986 124 0.979 0.021 
Chi-square 1.606 
^Allelic frequencies are based on the following sample 
sizes: 1948 = 18; 1966 = 79; 1969 = 92; 1974 = 72; 
1986 = 94. 
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Table 5. Continued 
CAT3 1948 Unknown 0.167 0.805 0. 028 
1966 13 0.266 0.734 0. 000 
1969 17 0.142 0.853 0. 005 
1974 39 0.229 0.771 0. 000 
1986 124 0.229 0.702 0. 069 
Chi-square 2.337 5.369 13. 158* 
GLUl 1948 Unknown 0.139 0.861 0. 000 
1966 13 0.127 0.740 0. 133 
1969 17 0.099 0.742 0. 159 
1974 39 0.056 0.833 0. 111 
1986 124 0.021 0.803 0. 176 
Chi-square 5.494 1.567 8. 690 
GOTl 1948 Unknown 0.944 0.056 
1966 13 1.000 0.000 
1969 17 1.000 0.000 
1974 39 1.000 0.000 
1986 124 1.000 0.000 
Chi-square 3.263 
G0T2 1948 Unknown 0.056 0.944 
1966 13 0.108 0.892 
1969 17 0.228 0.772 
1974 39 0.236 0.764 
1986 124 0.229 0.771 
Chi-square 3.167 
IDHl 1948 Unknown 0.833 0.167 
1966 13 0.684 0.316 
1969 17 0.913 0.087 
1974 39 0.708 0.292 
1986 124 0.718 0.282 
Chi-square 7.079 
^Allelic frequencies are based on the following sample 
sizes: 1948 = 18; 1966 = 79; 1969 = 92; 1974 = 72; 
1986 = 94. 
*Significant at .01 level. 
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Table 5. Continued 
IDH2 1948 Unknown 0.833 0.167 
1966 13 0.665 0.335 
1969 17 0.853 0.147 
1974 39 0.708 0.292 
1986 124 0.697 0.303 
Chi-square 5.973 
MDHl 1948 Unknown 0.111 0.889 
1966 13 0.000 1.000 
1969 17 0.000 1.000 
1974 39 0.000 1.000 
1986 124 0.000 1.000 
Chi-square 6.460 
MDH2 1948 Unknown 0.750 0.250 
1966 13 0.791 0.209 
1969 17 0.788 0.212 
1974 39 0.771 0.229 
1986 124 0.809 0.191 
Chi-square 0.432 
MDH5 1948 Unknown 0.722 0.278 
1966 13 0.835 0.165 
1969 17 0.940 0.060 
1974 39 0.910 0.090 
1986 124 0.899 0.101 
Chi-square 3.566 
PGM2 1948 Unknown 0.972 0.028 
1966 13 1.000 0. 000 
1969 17 1.000 0.000 
1974 39 1.000 0.000 
1986 124 0.957 0.043 
Chi-square 12.326* 
^Allelic frequencies are based on the following sample 
sizes; 1948 = 18; 1966 = 79; 1969 = 92; 1974 = 72; 
1986 = 94. 
*Significant at .01 level. 
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Table 5. Continued 
PGDl 1948 Unknown 0.222 0.778 
1966 13 0.272 0.728 
1969 17 0.359 0.641 
1974 39 0.299 0.701 
1986 124 0.245 0.755 
Chi-square 2.772 
PHIl 1948 Unknown 0.972 0.028 
1966 13 0.981 0.019 
1969 17 0.989 0.011 
1974 39 0.958 0.042 
1986 124 0.926 0.074 
Chi-square 3.727 
^Allelic frequencies are based on the following sample 
sizes: 1948 = 18; 1966 = 79; 1969 = 92; 1974 = 72; 
1986 = 94. 
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Table 6. Allelic frequencies at isozyme loci in the 
corn accession 170880 
Isozyme Yr. of Ears Allele frequency 
Locus Increase Harvested 1 2 3 
ACPI 1949 8 0.000 1.000 
1951 Unknown 0.079 0.921 
1962 64 0.167 0.833 
1986 103 0.179 0.821 
Chi-square 3.339 
ADHl 1949 8 0.615 0.385 
1951 Unknown 0. 632 0.368 
1962 64 0.639 0.361 
1986 103 0.548 0.452 
Chi-square 1.381 
AMPl 1949 8 0.615 0.385 
1951 Unknown 0.684 0. 316 
1962 64 0.472 0.527 
1986 103 0.565 0.434 
Chi-square 2.770 
CAT3 1949 8 0.269 0.731 
1951 Unknown 0.289 0.711 
1962 64 0.394 0.606 
1986 103 0.298 0.702 
Chi-square 1.898 
ENPl 1949 8 0.500 0.500 
1951 Unknown 0.605 0.395 
1962 64 0.681 0.319 
1986 103 0.744 0.256 
Chi-square 2.593 
^Allelic frequencies are based on the following sample 
sizes: 1949 = 13; 1951 = 19; 1962 = 36; 1986 = 84. 
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Table 6. Continued 
GLUl 1949 8 1.000 0.000 
1951 Unknown 0.947 0.053 
1962 64 1.000 0.000 
1986 103 0.940 0.060 
Chi-sguare 9.348* 
GOTl 1949 8 1.000 0.000 
1951 Unknown 0.974 0.026 
1962 64 1.000 0.000 
1986 103 1.000 0.000 
Chi-sguare 1.174 
G0T2 1949 8 0.423 0.577 
1951 Unknown 0.421 0.579 
1962 64 0.389 0.611 
1986 103 0.613 0.387 
Chi-sguare 0.090 
IDH2 1949 8 0.423 0.577 
1951 Unknown 0.237 0.763 
1962 64 0.375 0.625 
1986 103 0.292 0.708 
Chi-sguare 1.213 
MDHl 1949 8 0.269 0.731 
1951 Unknown 0.658 0.342 
1962 64 0.569 0.431 
1986 103 0.393 0.607 
Chi-sguare 4.775 
PGMl 1949 8 1.000 0.000 
1951 Unknown 0.947 0. 053 
1962 64 1.000 0.000 
1986 103 1.000 0. 000 
Chi-sguare 2.359 
^Allelic frequencies are based on the following sample 
sizes: 1949 = 13; 1951 = 19; 1962 = 36; 1986 = 84. 
*Significant at .01 level. 
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Table 6. Continued 
PGM2 1949 8 0.423 0.577 
1951 Unknown 0.421 0.579 
1962 64 0.513 0.486 
1986 103 0.494 0.506 
Chi-square 0.566 
PGDl 1949 8 0.731 0.269 
1951 Unknown 0.553 0.447 
1962 64 0.597 0.403 
1986 103 0.655 0.345 
Chi-sguare 0.533 
^Allelic frequencies are based on the following sample 
sizes: 1949 = 13; 1951 = 19; 1962 = 36; 1986 = 84. 
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Table 7. Allelic frequencies for isozyme loci in the 
corn accession 183786 
Isozyme Yr. of Ears Allele frequency 
Locuâ Increase Harvested 1 2 3 
ACPI 1950 Unknown 0.200 0.800 
1967 10 0.160 0.840 
1972 13 0.070 0.930 
1986 46 0.151 0.849 
Chi-square 1.276 
ADHl 1950 Unknown 0.000 1.000 
1967 10 0.080 0.920 
1972 13 0.167 0.833 
1986 46 0.242 0.758 
Chi-square 6.468 
AMPl 1950 Unknown 0.500 0.500 
1967 10 0.560 0.440 
1972 13 0.579 0.421 
1986 46 0.634 0.366 
Chi-square 0.687 
CAT 3 1950 Unknown 0.600 0.400 
1967 10 0.700 0.300 
1972 13 0.798 0.202 
1986 46 0.667 0.333 
Chi-square 2.309 
GLUl 1950 Unknown 0.900 0.100 
1967 10 0.900 0.100 
1972 13 0.640 0.360 
1986 46 0.844 0.156 
Chi-square 4.074 
IDH2 1950 Unknown 0.900 0.100 
1967 10 0.980 0.020 
1972 13 0.956 0. 044 
1986 46 0.871 0.129 
Chi-square 4.142 
^Allelic frequencies based on the following sample sizes; 
1950 = 5; 1967 = 25; 1972 =57; 1986 = 93. 
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Table 7. Continued 
MDHl 1950 Unknown 0.100 0.200 0. 700 
1967 10 0.200 0.380 0. 420 
1972 13 0.307 0.281 0. 412 
1986 46 0.317 0.296 0. 387 
Chi-square 1.748 0.438 2. 378 
MDH2 1950 Unknown 0.100 0.900 
1967 10 0.100 0.900 
1972 13 0.132 0.868 
1986 46 0.129 0.871 
Chi-square 0.050 
MDH5 1950 Unknown 1.000 0.000 
1967 10 0.940 0.060 
1972 13 1.000 0. 000 
1986 46 1.000 0. 000 
Chi-square 2.661 
PGDl 1950 Unknown 0.600 0.400 
1967 10 0.680 0.320 
1972 13 0.737 0. 263 
1986 46 0.704 0.296 
Chi-square 0.430 
^Allelic frequencies based on the following sample sizes: 
1950 = 5; 1967 = 25; 1972 = 57; 1986 = 93. 
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Table 8. Allelic frequencies^ at isozyme loci in the 















































































































1 ,  
0 ,  
0 .  












0 .  6 6 8  
^Allelic frequencies are based on the following sample 
sizes; 1950 = 13; 1965 = 45; 1979 = 97; 1985 = 95. 
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Table 8. Continued 
MDHl 1950 Unknown 0.154 0.846 
1965 20 0.067 0.933 
1979 13 0.247 0.753 
1985 85 0.047 0.953 
Chi-sguare 9.437* 
MDH2 1950 Unknown 0.308 0.692 
1965 20 0.244 0.756 
1979 13 0.284 0.716 
1985 85 0.205 0.795 
Chi-sguare 1.186 
PGM2 1950 Unknown 0.654 0.346 
1965 20 0.522 0.478 
1979 13 0.572 0.428 
1985 85 0.584 0.416 
Chi-sguare 0.600 
PGDl 1950 Unknown 0.615 0. 385 
1965 20 0.678 0.322 
1979 13 0.820 0.180 
1985 85 0.653 0.347 
Chi-sguare 4.428 
^Allelic frequencies are based on the following sample 
sizes: 1950 = 13; 1965 = 45; 1979 = 97; 1985 = 95. 
*Significant at .01 level. 
49 
Table 9. Plant Introduction increase data (Mark Millard, 
NCRPIS, 1992) 



















PI163558 1948 Ames increase Original 
PI163558 1966 Ames increase 1958 Ames 
PI163558 1969 Ames increase 1966 Ames 
PI163558 1974 Ames increase 1966 Ames 


























































was polymorphic for three alleles, but resolution was not 
clear enough to distinguish between homozygotes and 
heterozygotes. Similarly, in two accessions, SADl was 
polymorphic for the 4 and 4.5 alleles, but small 
migration differences made accurate scoring difficult. 
Models by Schaffer et al. (1977) and Wilson (1980) 
were used to analyze the isozyme frequency data. The 
first model tests whether the observed allele frequency 
variation from one regeneration cycle to the next is 
consistent with that predicted by the null hypothesis of 
drift acting alone. The deviation sums of squares of 
this model are partitioned to separate a linear portion 
with one degree of freedom. This partition tests for a 
significant linear trend which suggests directional 
selection. For all accessions, two of the samples 
available were found to have been derived from the same 
population (Table 9), so data for these samples were 
pooled for analysis. When the number of ears harvested 
was unknown, the smallest number of known ears was used 
as the variance effective population size. Eight 
polymorphic loci of PI163145 and 10 loci of PI183786 
showed no deviations from the null hypothesis of drift 
acting alone and no linear trends were found in any of 
the five accessions. Two loci of PI163558, CAT3 and 
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PGM2, had fluctuations which were greater than expected 
by drift. In PI170880, alleles at the GLUl locus and in 
PI185073 the MDHl locus also had frequencies which had 
significant deviations from drift. In all cases where 
deviations exceeded that expected by drift, one allele 
was present in a low frequency. In several cases, 
alleles present in low frequencies in one cycle of 
regeneration were not present in samples taken from other 
cycles. Random genetic drift predicts a loss of alleles 
present in low frequencies as observed. 
In several instances, alleles not detected in the 
previous sample were found. This may be due to sampling 
variance, but the possibility also exists that the source 
of the allele may be from accidental outcrossing or 
mixing of samples. 
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DISCUSSION 
Overall, it would appear that current regeneration 
procedures are maintaining the variability of maize 
accessions based on the number of genetic markers used in 
this study. Significant deviation from drift was found 
at only four loci in three accessions. There were 
instances where nonsignificant linear trends were 
observed (Tables 10-14). These trends can be accounted 
for by the model of random genetic drift. 
The variance effective population size is taken to 
be the number of individuals chosen to be the parents of 
the next cycle of regeneration. The sampling variances 
were derived using the ears harvested from the previous 
cycle of regeneration rather than individual plants, so 
the variances reflect these numbers. A small number of 
ears were used for regeneration in early accession 
maintenance. An unknown number of parents in some cases, 
and as few as seven or eight parents in others were used. 
This presents a possibility for a founder effect early in 
the history of the accession, potentially resulting in a 
large amount of drift and loss of variability at the time 
of the first regeneration. Allelic frequencies may not 
be representative of the original accession and alleles 
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present in low frequencies may have been eliminated from 
the population. Two effects of sampling from a small 
population are random genetic drift and an increase in 
homozygosity. These effects were observed in the study. 
Loaiza-Figueroa and Weeden (1990) found no serious 
reduction in the number of alleles expressed at isozyme 
loci within accesssions of Allium during regeneration but 
found that the number of parents used in the regeneration 
affected the stability of allele frequencies. 
One limitation in this study is the poor 
germination of old samples, although it can be assumed 
that germination was adequate at the time of sampling for 
regeneration. Currently the critical germination 
percentage before regeneration is 70% (Roath et al., 
1990). Loss of viability is accompanied by a decrease in 
capacity for protein synthesis (Roos, 1980). One 
limitation in the use of starch gel electrophoresis is 
that staining is not accurately quantitative so decreased 
enzyme activity cannot be detected. Catalase activity 
was found to decrease in senescing rice leaves (Kar and 
Mishra, 1976) and Braber (1979) found an increase in the 
number of anodal peroxidase bands in senescent Phaseolus 
leaves. However, increase in polymorphism may be due to 
the degradation of multimeric products. Tanksley (1980) 
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postulated that post-translational modification of a 
single PGI band in tomato produces two isozyme bands as a 
part of the aging process in seed storage. 
Although isozyme markers and RFLP markers are well 
correlated (Chase et al, 1991), it is possible that not 
enough markers were used to accurately assess the effects 
of drift or selection. The five accessions used in this 
study are probably not representative of the over 5000 
corn accessions available at the Ames Plant Introduction 
Station or in other collections. A research priority 
should be the increase of seed storage life to reduce the 
frequency of regeneration and the associated risks of 
genetic erosion. 
Although evidence of selection was not detected by 
this study, the capacity exists. Regeneration of many 
accessions takes place in an environment different from 
the area of adaptation so temperature, altitude, 
photoperiod, and soil characteristics may not be optimum. 
The procedure used for regeneration of the samples used 
in this study included the bulking of pollen, which 
produces bulk half-sib families, from all plants to be 
used in fertilization. The bulking of pollen introduces 
the possibility of selection of gametes by pollen 
frequency and viability, fertility differences, and 
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selection in gametophytic stages of the life cycle. Two 
aims of a regeneration procedure should be to control and 
equalize the number of progeny per family and to use the 
same number of breeding individuals over different cycles 
of regeneration (Crossa, 1988). Different genotypes may 
have different outcrossing rates. Full sib crosses, 
which are currently used, ensure that a composite of 
parental types is used in regeneration. 
Random genetic drift is potentially a serious 
problem in the regeneration of germplasm. Small sample 
size can lead to fixation of some alleles and loss of 
other potentially favorable alleles. In addition to 
calculation of the appropriate sample size to minimize 
the probability of losing alleles, it is desireable to 
utilize mating systems that minimize random genetic 
drift. Inbreeding should be avoided when possible and 
composites of progeny seed utilized instead of bulked 
progeny which can lead to the chance exclusion of some 
parents when a new sample is taken (Hammond and Gardner, 
1974). In sampling procedures, it is desirable to know 
the frequency of the least common allele and to assume 
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The analysis of variance of Y, the transformed gene 
frequency observations, for t observed generations 
(Schaffer et al., 1977) has the following components; 




(I'W^Y): / (I'W^l) = SSM 
(/X Y) •X'W^X(jU Y) - SSM 
by subtraction 
Total Y W'' Y 
The arcsin transformation transforms the binomial 
gene frequency variate into a normal variate with a 
variance of 1/N where N is the number of genes. Using 
the base population gene frequency as the origin, the 
variance-covariance matrix is constructed with the 
elements : 
Wtt = 1 - (n^ - 1) 
t-1 





^t't+1 = 1 -
p t-1 
n (n. - 1) 
j=l — 
"j 
Under the null hypothesis of drift acting alone, Y, 
represented by a vector of of transformed gene 
frequencies, is distributed according to the multivariate 
normal distribution with a mean fj.1 where 1 is a vector 
of ones. The mean can be estimated by weighted least 
squares as: 
n = I'W^ Y 
I'W^ 1 
By the null hypothesis, deviations from the constant mean 
are y = Y - /ni with an expected mean of zero. The 
weighted sums of squares of deviations has a central chi-
square distribution with one degree of freedom less than 
the number of generations observed. This is the the 
difference between the total and mean, or sum of linear 
and deviation sum of squares. The test of the null 
hypothesis is to reject if the computed value is greater 
than the tabulated chi-square value. The test for a 
linear trend is made by comparing the single degree of 
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freedom sum of squares for linear with the appropriate 
tabulated value. 
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Table 10. Analysis of variance of the transformed gene 
frequencies for PI163145 
ACPI 









0 . 0 8 2  
Total 597.050 
AMPl 






















Total 3 162.273 
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Table 10. Continued 
CAT3-9 
































0 . 0 0 0  
4.991 
Total 3 395.318 
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Table 10. Continued 
MDHl-1 


































Total 3 435.049 
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Table 10. Continued 
MDH2 


































Total 3 650.89 
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Table 11. Analysis of variance of the transformed gene 
frequencies for PI163558 
ACPI 
Source df Sum of squares 
Mean 1 127.611 
Linear 1 0.030 
Deviation 2 1.372 
Total 4 129.013 
ACOl 
























Table 11. Continued 
AMPl-4 


































Total 4 18.754 
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Table 11. Continued 
CAT3-7 



































*Significant deviations from drift at .01 level. 
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Table 11. Continued 
GLUl-2 


































Total 4 13.687 
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Table 11. Continued 
G0T2 
Source df Sum of squares 
Mean 1 18.986 
Linear 1 1.315 
Deviation 2 1.947 
Total 4 22.248 
G0T3 
























Table 11. Continued 
IDH2 


































Total 4 267.883 
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Table 11. Continued 
MDH5 


































Total 4 14.885 
•Significant deviation from drift at the .01 level. 
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Table 11. Continued 
PHIl 










Total 4 473.490 
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Table 12. Analysis of variance of the transformed gene 
frequencies for PI170880 
ACPI 
































0 . 0 0 8  
2.762 
Total 3 298.211 
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Table 12. Continued 
CAT3 


































Total 3 18.856 
•Significant deviation from drift at the .01 level. 
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GOTl 
























Source df Sum of squares 
Mean 1 129.988 
Linear 1 0.374 
Deviation 1 0.839 
Total 3 131.201 
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Table 12. Continued 
MDHl 


































Total 3 193.859 
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Table 12. Continued 
PGDl 
Source df Sum of squares 
Mean 1 301.047 
Linear 1 0.260 
Deviation 1 0.272 
Total 3 301.579 
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Table 13. Analysis of variance of the transformed gene 
frequencies for PI183786 
ACPI 


































Total 3 80.546 
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Table 13. Continued 
CAT3 


































Total 3 198.720 
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Table 13. Continued 
MDHl-1 


































Total 3 74.639 
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Table 13. Continued 
MDH2 
Source df Sum of squares 
Mean 1 13.510 
Linear 1 0.038 
Deviation 1 0.012 
Total 3 13.560 
MDH5 
























Table 14. Analysis of variance of the transformed gene 
frequencies for PI185073 
ACPI 


































Total 3 297.191 
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Table 14. Continued 
GLUl 
























Source df Sum of squares 
Mean 1 51.090 
Linear 1 2.012 
Deviation 1 0.654 
Total 3 53.756 
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Table 14. Continued 
MDHl* 


































Total 3 161.561 
*Significant deviation from drift at .01 level. 
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Table 14. Continued 
PGDl 










Total 3 195.779 
